Introduction {#Sec1}
============

Alzheimer's disease (AD) is the most prevalent form of age-related dementia. Currently, and based on clinical and methodological consensus, fluorodeoxyglucose (FDG) positron emission tomography (PET) is the most widely used brain imaging modality that complements clinical diagnosis of AD^[@CR1]^. AD patients exhibit declines in FDG uptake within the parietotemporal, frontal and posterior cingulate cortices when compared to normal age-matched controls. There exists, however, significant individual variation in patient PET signal expression which limits the use of a definitive threshold for FDG-PET in AD diagnosis. Therefore, clinical reading of FDG-PET images is usually based on subjective impressions of the relative hypo-metabolism in key anatomical brain regions. Consequently, no quantifiable biomarker-related numeric value is produced and, as a result, it is often concluded that reports are equivocal. In addition, the sensitivity of subjective readings at an early disease stage remains challenging, while relatively high accuracy can be achieved for more advanced stages^[@CR1]^.

Alternative diagnostic approaches include the use of a PET radiotracer that binds to AD pathology-specific proteins such as beta-amyloid (Aβ) and phosphorylated tau. Since their invention, Pittsburgh Compound-B (PiB)^[@CR2]^ and other second-generation Aβ radioligands have been heavily researched within the field of molecular imaging, particularly over the past decade. Meta-analysis on longitudinal PiB studies estimates 94.7% sensitivity but 57.2% specificity^[@CR3]^ which implies high false positive rates of Aβ-PET. This confounding factor is inevitable since it has been estimated that approximately 20--30% of cognitively normal subjects exhibit abnormally high levels of high Aβ protein^[@CR4]^. For this reason, the purpose of the recent on-going IDEAS study (Imaging Dementia-Evidence For Amyloid Scanning; <http://www.ideas-study.org>), in which the benefit of Aβ-PET will be evaluated for Medicare coverage, had to be limited to assessing Aβ status rather than AD status. A number of groups are currently investigating tau-imaging agents with promising results in some instances, but more rigorous testing needs to be done in upcoming years for these radioligands to be proven to be of any notable clinical significance that can be translated into clinical utility in a healthcare setting^[@CR5]^.

In a combined effort involving multiple research centers in North America, the AD Neuroimaging initiative (ADNI) has collected the largest available multi-modal longitudinal brain imaging database for patients with AD, MCI and normal control subjects (<http://www.adni-info.org>). Utilizing the ADNI database, a number of studies constructed quantitative biomarkers that may aid AD diagnosis^[@CR6]--[@CR12]^. One of the limitations of ADNI-based studies are the lack of other types of dementia. For example, it is unknown if the above-mentioned AD-related biomarkers generated from ADNI's FDG-PET database are only unique to AD or it is commonly expressed in patients with dementia with Lewy body (DLB), the most frequently misdiagnosed diseases as AD.

In this study, we have constructed machine-based imaging biomarkers using ADNI's FDG-PET dataset. We used general linear model (GLM), subprofile modeling (SSM)^[@CR13]^, and support vector machine (SVM). GLM is the most fundamental method for constructing a prediction model that classifies data. SSM is a form of principal component analysis (PCA), and it has proven to be useful for differential diagnosis and prognosis in other neurodegenerative disorders^[@CR14]--[@CR16]^. SVM is one of the most widely used machine learning algorithms that are used to solve binary classification problems with a large dataset^[@CR17]^. We have compared the performance of these machine-based classification methods between AD and age-matched normal subjects, evaluated if they predict AD conversion from the prodromal state, examined if they are sensitive to other types of dementia such as DLB and Parkinson's disease dementia (PDD).

Results {#Sec2}
=======

Performance Comparisons of different classification machines {#Sec3}
------------------------------------------------------------

From the ADNI database, we identified 94 patients with AD and 111 age-matched control subjects who stayed cognitively healthy for \>3 years after the FDG-PET scans (Table [1](#Tab1){ref-type="table"}). We have investigated the classification performance of three different approaches; voxel-wise GLM (Fig. [1A](#Fig1){ref-type="fig"}), SSM/PCA and SVM. Two different approaches of SSM/PCA were utilized^[@CR13]^; 1) selecting the single principal component (PC) that best discriminates the groups (SSM/PCA1); and 2) linear combination of PCs that significantly improved the model by stepwise regression (SSM/PCA2). In SSM/PCA1, the first PC (PC1) discriminated the two groups most significantly (Fig. [1B](#Fig1){ref-type="fig"}). In SSM/PCA2, 7 PCs were linearly combined (PC1-5, PC7 and PC10) with the biggest coefficient being PC1 (Fig. [1C](#Fig1){ref-type="fig"}). In SVM analysis, two different solvers were used: (1) Iterative Single Data Algorithm (ISDA^[@CR18]^; Fig. [1D](#Fig1){ref-type="fig"}) and (2) sequential minimal optimization (SMO^[@CR19]^; Fig. [1E](#Fig1){ref-type="fig"}).Table 1Demographic data for patients acquired from the ADNI (Alzheimer's Disease Neuroimaging Initiative) database.NLADStable MCIProdromal ADNumber of patients1119418655Age75.3 (6.4), 63--9475.5 (8.3), 56--9071.2 (7.7), 55--90\*75.1 (6.5), 60--87MMSE29.0 (1.1), 26--30\*24.2 (1.8), 20--2628.2 (1.6), 24--30\*26.9 (1.9), 24--30Sex (M:F)91:10759:35100:8633:22Follow-Up Duration57.2 (20.9), 36--121\*10.4 (7.1), 0--2753.7 (18.2), 36--112\*40.7 (23.7), 0--107\*p \< 0.05, student t-test between NL vs. AD and stable MCI vs. prodromal AD. Sex ratio is compared by chi-square test.Figure 1Visualization of classification machines. (**A**) Beta coefficient of voxel-wise linear regression (left). Subject scores are defined as the dot-product between the Beta coefficient map and the subject's proportionally scaled FDG-PET images. The subject scores are z-scored to the mean and standard deviation of normal subjects (middle). Receiver-operating-characteristic (ROC) curve analysis is performed to estimate the area-under-the-curve (AUC; 0.922). The optimal subject score threshold for group classification is determined (z = 0.987) at the biggest sensitivity (0.862) × specificity (0.856). (**B**) In SSM/PCA1, the topography was similar to the GLM's beta-coefficient map (left). The subject scores of the first PC (middle) produced the greatest separation of the groups (z-threshold = 0.771, AUC = 0.852, sensitivity = 0.787, specificity = 0.802; right). (**C**) The combined PCs of SSM/PCA2 was topographically similar to both GLM's beta coefficient map and the first PC (left). The PCs were weighted by stepwise regression coefficients that significantly improved the model (p \< 0.05). The resulting combined PC was 4.204 × PC1 + 0.865 × PC2 + 1.126 × PC3 -- 1.825 × PC4 + 1.470 × PC5 + 1.099 × PC7 + 1.118 × PC10. The group separation by subject scores (middle) were relatively better than SSM/PCA1 of the first PC (z-threshold = 1.101, AUC = 0.911, sensitivity = 0.819, specificity = 0.865; right). (**D**) The hyperplane constructed by SVM-ISDA was topographically distinct from GLM or SSM/PCA (left). While complete group separation was achieved (AUC = 1; right), 3 of 111 NL subjects were labeled as AD (middle). It should be noted, in SVM's case, that no score threshold is determined by ROC curve, but the sign of dot-product between hyperplane and subjects FDG-PET image (proportionally scaled) determines the labelling. (**E**) The hyperplane constructed by SVM-SMO (left) was topographically similar to the SVM-ISDA's. Complete group separation was achieved (middle/right). For visualization purposes, all images are z-scored to the mean and standard deviation of all the voxel values of the whole-brain.Figure 2Subject scores determined by 10-fold cross-validation. (**A**) GLM, (**B**) SSM/PCA1, (**C**) SSM/PCA2, (**D**) SVM-ISDA and (**E**) SVM-SMO. (**F**) ROC analysis showed that AUC was the greatest in SVM-ISDA.

Qualitatively, the produced patterns consistently show a well-characterized AD-like distribution of hypometabolism^[@CR20]^ present within the precuneus, medial frontal lobes, the temporal lobes, and the cingulum (posterior and anterior). Relative hypermetabolism was observed in the somatosensory-motor areas, basal ganglia, thalamus and cerebellum. Our findings echo those observed in the previously identified AD-related metabolic patterns^[@CR21]^. Quantitatively, the whole-brain metabolic patterns from GLM and SSM/PCA were topographically similar to each other (p \< 0.01, corrected for autocorrelation^[@CR22]^ and multiple comparisons), but the similarities were not significant when compared to the SVM-produced patterns (p \> 0.1 corrected for autocorrelation^[@CR22]^ and multiple comparisons; Table [2](#Tab2){ref-type="table"}).Table 2Topographical similarities across different whole-brain metabolic patterns that distinguishes AD from normal subjects.GLMSSM/PCA1SSM/PCA2SVM-ISDASVM-SMOGLM1\*0.829\*0.9240.3920.381SSM/PCA1\*0.8291\*0.8960.2130.201SSM/PCA2\*0.924\*0.89610.2960.283SVM-ISDA0.3920.2130.2961\*0.957SVM-SMO0.3810.2010.283\*0.9571\*Significant similarities determined by topographical correlation method corrected for auto-correlation^[@CR22]^ and Bonferroni multiple comparisons (p \< 0.05).

As expected, all five approaches reliably discriminated patients and controls (sensitivity \> 0.78, specificity \> 0.80). When compared with 10-fold cross-validation (Fig. [2](#Fig2){ref-type="fig"}), the subject scores of the first three methods were almost identical to the original scores shown in Fig. [1](#Fig1){ref-type="fig"} in AD (GLM: r = 0.998, r \< 0.001; SSM/PCA1: r = 0.986, p \< 0.001; SSM/PCA2: r = 0.990, p \< 0.001) as well as in NL (GLM: r = 0.998, r \< 0.001; SSM/PCA1: r = 0.992, p \< 0.001; SSM/PCA2: r = 0.994, p \< 0.001). While strongly correlated, lesser agreement was observed between original subjects scores and the ones from 10-fold cross-validation in SVM methods in both AD (SVM-ISDA: r = 0.860, p \< 0.001; SVM-SMO: r = 0.875, p \< 0.001) and in NL (SVM-ISDA: r = 0.648, p \< 0.001; SVM-SMO: r = 0.739, p \< 0.001), suggesting some overfitting in SVM. Nevertheless, the area-under-the-curve (AUC) for receiver-operating-characteristic (ROC) plot was the greatest by SVM-ISDA by 10-fold cross-validation (Fig. [2F](#Fig2){ref-type="fig"}; Table [3](#Tab3){ref-type="table"}). Utilizing the structural MRI in the spatial normalization during the pre-processing did not improve the classification performance^[@CR23]^ (Supplementary Table [S1](#MOESM1){ref-type="media"}).Table 3Performance of AD vs. Normal classification methods using ADNI data by 10-fold cross-validation.GLMSSM/PCA1SSM/PCA2SVM-ISDASVM-SMOAUC0.9020.8490.897\*0.9450.939Sensitivity0.7980.7550.8300.840\*0.894Specificity0.8740.8290.847\*0.9550.892\*The best performance.

Relationship with other risk factors {#Sec4}
------------------------------------

In normal control subjects, age was significantly correlated with subject scores determined by GLM (r = 0.350, p \< 0.001, Pearson's correlation; Fig. [3A](#Fig3){ref-type="fig"}), SSM/PCA1 (r = 0.370, p \< 0.001) and SSM/PCA2 (r = 0.367, p \< 0.001). Since SVM outcome is dichotomous, student t-test was performed for age between subjects who were classified as AD vs. non-AD within normal control (SVM classified AD vs. NL in 100% accuracy in the training set thus the AD-designation determined as a testing set in 10-fold cross-validation was used). Age was not significantly associated with SVM's designation of AD (p \> 0.1, student t-test). The subject scores determined by GLM, SSM/PCA1 and SSM/PCA2 were not correlated with any of the other variables (MMSE, Aβ, tau and phosphorylated tau; p \> 0.12, Pearson's correlation) and they were not significantly different between sexes (p \> 0.09, student t-test) or the presence of APOE ɛ4 genotype (p \> 0.15, student t-test; Fig. [4A](#Fig4){ref-type="fig"}-left). These variables were not associated with SVM's AD designation, either (p \> 0.11, student t-test or chi-square; Fig. [4B](#Fig4){ref-type="fig"}-left).Figure 3Effects of age. (**A**) In NL, age was significantly correlated with subject scores determined by GLM method (r = 0.350, p \< 0.001). In AD, no correlation was observed (r = 0.113, p = 0.279). Similar level of correlations were also observed only in NL when SSM/PCA1 (r = 0.370, p \< 0.001) and SSM/PCA2 (r = 0.367, p \< 0.001) were used. (**B**) Likewise, similar level of correlations between subject scores and age were observed only in stable MCI (GLM: r = 0.387, p \< 0.001; SSM/PCA1: r = 0.329, p \< 0.001; SSM/PCA2: r = 0.401, p \< 0.001) but not in prodromal AD (r \< 0.28). (**C**) In stable MCI, patients who were designated as "AD" (n = 45 out of 141) by SVM-ISDA were significantly older than patients who were designated as "non-AD" (^\*^t(184) = 2.762, p = 0.006). Similar trend was observed when SVM-SMO was used (t(184) = 1.767, p = 0.079). This age difference associated with "AD"-designation was not observed in prodromal AD patients in both SVM methods (p \> 0.48).Figure 4Effects of APOE mutation. (**A**) When GLM was used, no significant effects of APOE genotype in subject scores were observed in any groups (p \> 0.08, student t-test), which was replicated when SSM/PCA was used (p \> 0.06). (**B**) The proportion of subjects classified as "AD" vs. "non-AD" by SVM-ISDA was significantly different between APOE ɛ4 carriers vs. non-carriers only in stable MCI patients (χ^2^ = 7.202, p = 0.007, Pearson Chi-Square). In other words, if a patient with stable MCI has ɛ4, it is more likely that the patient will be classified as "AD". From the 118 stable MCI non-ɛ4 carriers, 21 patients (17.8%) were classified as AD, in contrast to 24 of 68 stable MCI ɛ4 carriers (35.3%) were classified as AD. Similar results were produced when SVM-SMO was used in stable MCI patients (χ^2^ = 10.690, p = 0.001). In contrast, 8--10% normal control subjects received AD-designation regardless of APOE status. In AD, 86--88% individuals received AD-designation regardless of APOE status. In prodromal AD, 61--72% individuals received AD-designation regardless of APOE status.

The same analysis was repeated in AD, and no significant association was found between FDG-PET-based (subject scores and AD-designation) and other variables (age, MMSE, Aβ, tau and phosphorylated tau, sex, APOE genotype; p \> 0.19). No significant effect of anti-AD medication status was observed in subject scores determined by GLM, SSM/PCA1 and SSM/PCA2 (p \> 0.83, student t-test) or AD-designation by SVM-ISDA and SVM-SMO (p \> 0.86, chi-square).

Prediction of AD conversion at MCI stage {#Sec5}
----------------------------------------

When the same machines were applied to predict future development of AD from 241 MCI patients (55 of whom developed AD and 186 of whom did not for the next 3 years; Table [1](#Tab1){ref-type="table"} - ADNI), a moderate sensitivity (0.563--0.673) and specificity (0.720--0.796) was achieved across all five different approaches (Fig. [5](#Fig5){ref-type="fig"}-left), which was comparable to prior studies^[@CR7],[@CR24]^.Figure 5Prediction of future development of AD. Five different classification machines were applied to predict future development of AD from MCI patients who have been followed for \>3 years. In the ADNI cohort, consistent group classification performance was achieved across 5 different approaches (left). When the perfusion SPECT data was used, GLM, SSM/PCA1 and SSM/PCA2 classified both prodromal AD and stable MCI patients as AD. Desirable performance (sensitivity × specificity \> 0.5) was achieved in both SVM methods (right). It should be noted that the AD diagnosis was based on clinical examination, thus misdiagnosis cannot be ruled out, and may have contributed to the low sensitivity. It should be also noted that the limited follow-up period may have hindered the specificity of the method, i.e., if a longer follow-up was available, some of the stable MCI patients who have been classified as AD may have actually developed AD.

As in NL, age was correlated with subject scores (or AD-designation by SVM) in stable MCI patients (p \< 0.001; Pearson's correlation for GLM and SSM/PCA and student t-test for SVM; Fig. [3B,C](#Fig3){ref-type="fig"}), while Aβ, tau or phosphorylated tau concentrations were not associated with subject scores (p \> 0.2, Pearson's correlation for GLM and SSM/PCA) and AD-designation (p \> 0.11, student t-test). APOE genotype was not associated with subject scores determined by GLM or SSM/PCA (p \> 0.16, student t-test), but significantly more proportion of stable MCI patients had APOE ɛ4 allele when they were designates as AD than non-AD by both SVM methods (p \< 0.007, chi-square; Fig. [4B](#Fig4){ref-type="fig"}).

In prodromal AD, age was very weakly correlated with GLM score (r = 0.271, p = 0.046; Fig. [3B](#Fig3){ref-type="fig"}) but not with SSM/PCA's (p \> 0.07). These subject scores were correlated with Aβ (r = −0.720, p = 0.019), tau (r = −0.595, p = 0.070) and phosphorylated tau (r = −0.749, p = 0.013) concentrations. Here, it should be noted that only 10 out of 55 prodromal AD patients had CSF measurements. As in AD, no significant difference was observed between the AD-designated patients and non-AD-designated patients in age, MMSE, Aβ, tau, phosphorylated tau (p \> 0.075, student t-test), or APOE genotype (p \> 0.3, chi-square), by either SVM methods.

Interestingly, when applied to the perfusion SPECT images from 38 patients with MCI (8 of whom later developed AD; 3-year follow-up; data from Dong-A University, Busan, S. Korea; Table [4](#Tab4){ref-type="table"}), all patients (both stable MCI and prodromal AD) were classified as AD in GLM and SSM/PCA (Fig. [5](#Fig5){ref-type="fig"}-right). When SVM-ISDA was used, a higher level of sensitivity (0.875) was achieved but specificity was slightly poorer (0.600). When SVM-SMO was used, a similar level of sensitivity (0.625) and higher specificity (0.900) to the ADNI data was achieved. This result suggests a possibility that perfusion imaging may be as useful as FDG-PET for complementing AD diagnosis when analyzed by an advanced machine learning approach^[@CR25]^.Table 4Demographic data for patients referred to the SPECT centre at the DongA University Hospital in Busan, S. Korea.Stable MCIProdromal ADNumber of patients308Age68.0 (7.3), 55--8071.8 (7.3), 58--80MMSE25.8 (2.7), 20--30\*22.5 (2), 20--25Sex (M:F)12:184:4\*p \< 0.05, student t-test between stable MCI vs. prodromal AD. Sex ratio is compared by chi-square test.

Clinical Applications {#Sec6}
---------------------

In order to demonstrate the applicability of our proposed classification methods in a real clinical setting, a retrospective imaging study was conducted. In our picture archiving and communication system (PACS) at Health Science Centre (Winnipeg, Manitoba), we have identified 113 patients who referred to brain FDG-PET between 2010 and 2012 (Table [5](#Tab5){ref-type="table"}). All patients were referred from our local memory clinic due to subjective memory complaints or MCI. Among these patients, 37 patients were subsequently diagnosed with AD, 19 patients with DLB or PDD, 4 patients with frontotemporal dementia (FTD; 1 patient excluded due to image quality issue), and 5 patients with vascular dementia (VaD). 21 patients received other diagnoses during the follow-up period. 18 patients did not develop any forms of dementia for \>6 months, and 6 patients did not return for follow-up (thus excluded from our analysis). All five different approaches (GLM, SSM/PCA1, SSM/PCA2, SVM-ISDA and SVM-SMO) accurately classified the majority of patients who were later diagnosed with AD as AD (28--32 of 37; Fig. [6](#Fig6){ref-type="fig"}). The majority of patients who did not develop any form of dementia for \>6 months were accurately classified as non-AD (13--16 of 22 stable MCI patients). Interestingly, most patients (16--17 of 19) who later diagnosed with DLB or PDD were also classified as AD, suggesting non-specificity of our method in different types of dementia, especially in alphasynucleinopathy-related dementia (PDD and DLB). The number of patients with FTD (n = 3) and VaD (n = 5) were very small, thus no formal conclusion can be drawn from this data. Nevertheless, more frequent "AD-designation" was observed in patients who were later diagnosed with VaD (3--4 of 5).Table 5Demographic data for patients referred to the PET Centre at the Health Sciences Centre in Winnipeg, Manitoba, Canada.MCIADDLB/PDDFTDVaDNumber of patients22371935Age69.8 (5.4), 61--7868.9 (8.7), 50--8468.1 (7.7), 56--8171 (11.4), 63--8473.0 (10.8), 58--86MMSE26.8 (1.9), 22--29\*24.4 (3.4), 16--2925.1 (3.5), 14--3026.3 (3.8), 22--2925.0 (3.0), 22--30Sex (M:F)9:1316:219:102:13:2Follow-Up Duration25.1 (19.3), 6--5934.4 (22.6), 2--83\*37.4 (16.6), 8--6619.7 (11.3), 7--2936.4 (15.9), 11--52\*p \< 0.05, student t-test between MCI and other disease group. Sex ratio is compared by chi-square test. AD patients and other disease groups are not significantly different.Figure 6Patient classification performance in a real clinical setting. Four out of five approaches (GLM, SSM/PCA1, SVM-ISDA and SVM-SMO) achieved desirable performance (sensitivity × specificity \>0.5) in classifying prodromal AD vs. stable MCI. Interestingly, \>84% of DLB/PDD patients were also classified as "AD", while low sample size limits definite conclusion on the cases of FTD and VaD.

AD-related metabolic pattern in DLB and PDD {#Sec7}
-------------------------------------------

In order to investigate the comorbid expression of an AD-like brain metabolic pattern in Parkinson's disease (PD), we revisited the FDG-PET images from Asan Medical Centre (Seoul, S. Korea; Table [6](#Tab6){ref-type="table"})^[@CR26]^. When SVM was used, none of the healthy control subjects (n = 18) were classified as AD, and only 2 of 17 non-demented PD (PDND) patients were classified as AD (Fig. [7](#Fig7){ref-type="fig"}). This rate was slightly increased in PD patients with MCI (7--8 of 26), while the majority of PDD (17 of 19) and DLB (14--15 of 19) patients were classified as AD (Fig. [4](#Fig4){ref-type="fig"}). The other methods (GLM, SSM/PCA1 and SSM/PCA2) were generally more sensitive but false positive identification from normal control subjects (1--6 of 18) was also more frequent (Fig. [7](#Fig7){ref-type="fig"}). Together with the above findings (Fig. [6](#Fig6){ref-type="fig"}), this result suggests that both PDD and DLB patients exhibit AD-like brain metabolic patterns while cognitively healthy PD patients do not (when examined by SVM).Table 6Demographic data for patients from Movement Disorder Clinic at Asan Medical Centre in Seoul, S. Korea.NLPDNDPD-MCIPDDDLBNumber of patients1817261818Age59.7 (6.9), 46--73^\$^65.8 (11.1), 41--85\*71.3 (5.1), 62--80\*70.7 (5.1), 58--78\*73.7 (5.7), 66--86MMSE^\$^28.4 (1.2), 27--30^\$^22.3 (2.7), 16--2616.2 (6.6), 3--2418.3 (4.6), 11--25Sex (M:F)3:15\*10:7\*16:108:108:10\*p \< 0.05, student t-test between NL and other disease group. ^\$^p \< 0.05, student t-test between DLB and other disease group. Sex ratio is compared by chi-square test.Figure 7AD-like glucose metabolic pattern expression in alphasynucleinopathy. As can be expected from Fig. [3](#Fig3){ref-type="fig"}, the majority of PDD (17 of 19) and DLB (14--15 of 19) patients were classified as AD, when analyzed by the SVM method. However the majority of non-demented PD (PDND; 15 of 17)) or PD patients with MCI (PD-MCI; 18--19 of 26) were not classified as AD. None of the healthy control subjects were classified as AD when SVM was used. When other methods (GLM and SSM/PCA) were used, the rate of AD designation was significantly higher in PD-MCI, PDND and NL, potentially suggesting false positive identification.

Discussion {#Sec8}
==========

When FDG-PET was used, the best classification performance (sensitivity × specificity) was achieved by the SVM-ISDA in all three cases (AD vs. NL from ADNI by 10-fold cross-validation; stable MCI vs. prodromal AD from ADNI; stable MCI vs. prodromal AD from Winnipeg) among the five different classification methods (Table [7](#Tab7){ref-type="table"}). Thus, we recommend the use of SVM-ISDA in FDG-PET readings to complement AD diagnosis.Table 7Overall performance (sensitivity × specificity) of classification machines.Group ClassificationDatasetGLMSSM/PCA1SSM/PCA2SVM-ISDASVM-SMO^\$^AD vs. NLADNI0.6750.6260.703\*0.8030.797stable MCI vs. prodromal ADADNI0.4720.4060.493\*0.5140.477Winnipeg\*0.5900.5500.495\*0.5900.534Busan (SPECT)0.0000.0000.0000.525\*0.563\*The best performance.^\$^Since this is the training set of the classification machines, the AD designation was based on 10-fold cross-validation.

Of note, the GLM and SSM/PCA produced topographically similar metabolic patterns. This is not unexpected when a large training set was used (Eidelberg, personal communication). The region weights, in both GLM and SSM/PCA, are indicators of overall metabolic topography that differentiates AD from NL. In other words, the subject scores are computed as a dot-product between patients' normalized FDG-PET (or perfusion SPECT) images and the metabolic "template" images (Fig. [1A--C](#Fig1){ref-type="fig"}). Thus, it quantitates to what degree subjects' images are "look-a-likes" of those template images. And, this gives one a rationale to use it as a quantifiable biomarker to correlate with disease progression, symptom severity or treatment responses^[@CR27]^. Indeed, the subject scores determined by GLM and SSM/PCA were significantly correlated with age in normal subjects and stable MCI, consistent with old age being one of the most prominent risk factor for AD.

In SVM, higher weights are assigned to the hyperplanes (Fig. [1D,E](#Fig1){ref-type="fig"}) if the value of the voxel (feature) is useful for group separation. In other words, the "importance" of each feature (i.e., voxel) is weighted in the hyperplane. And, the subject score itself is computed in the same manner as in GLM and SSM/PCA, i.e., dot-product with the subjects' normalized images and the hyperplane. The difference is that only the sign of the subject score is used for group classification. Thus, the absolute size of the subject scores does not convey the same level of information (e.g., age or disease status) as the GLM and SSM/PCA does, but it only bears information about the dichotomic class designation. In this regard, it is not surprising that SVM-produced subject scores were not associated with age while GLM and SSM/PCA-produced subjects scores were. This fundamental difference resulted in a spatially less smooth representation of AD-related metabolic pattern, and dissimilar topographical profile from GLM and SSM/PCA (Table [2](#Tab2){ref-type="table"}). Nevertheless, qualitatively, all five approaches were able to pinpoint relative hypometabolism in key brain regions commonly effected by AD: the occipito-parietal, frontal and temporal lobes and the cingulum^[@CR28]^.

The robust performance of SVM-ISDA classification of prodromal AD vs. stable MCI patients from three different datasets (Figs [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}), including the data archived from our community-based memory clinic demonstrates its immediate translational value. Interestingly, most patients with other forms of dementia (i.e., clinically determined during the follow-up period) also show positive AD designation. The DLB/PDD patients, especially, showed even higher proportion of positive results than AD patients. This was not surprising since DLB/PDD and AD often present with very similar clinical symptoms and neuropathology. Amyloid deposits and tau protein accumulation are commonly observed in patients with DLB, and it has been well established that these AD-related pathologies are also linked to the cognitive deficits that occur in DLB patients^[@CR29]^. The similar neurodegenerative etiology of the two is also often reflected in FDG-PET scans^[@CR30]^. The hypometabolic pattern observed in DLB is highly congruent with and can be easily superimposed onto that observed in AD patients with the only region exhibiting variation between the two being the occipital lobe^[@CR31]^. The clinical overlap makes the two diseases fairly difficult to distinguish and accurate differential diagnosis between AD and DLB remains a popular arena of neurodegenerative disease research, and it is warranted that an additional step be taken for differential diagnosis, e.g., Parkinson's disease-related metabolic pattern expression may be examined in these patients^[@CR26]^. Other PET/SPECT radiotracers that target the dopaminergic^[@CR32]^ system or tau^[@CR33]^ have shown promising results for differentiating DLB from AD.

More interestingly, PDND and PD-MCI patients were rarely classified as "AD" by SVM-ISDA (Fig. [4](#Fig4){ref-type="fig"}). Taken together with the high rate of "AD-classification" of prodromal PDD/DLB patients (from HSC data), this result demonstrates a very important translational potential not only for predicting AD but also predicting PDD from non-demented PD patients. According to the dual syndrome hypothesis, PDD/DLB is more involved with posterior and temporal brain regions associated with visuospatial and attention deficits while non-progressing PD-MCI is more involved with fronto-subcortical circuits associated with executive function^[@CR34]--[@CR37]^. It is of interest that those visuospatial and attention deficits respond relatively well to the cholinergic treatment commonly used in AD^[@CR36]^, prompting common pathology between AD and PDD/DLB. Nevertheless, there are autopsy-confirmed PDD patients without distinct AD-like pathology^[@CR38]^. We have recently reported a brain metabolic pattern that was associated with cognitive decline in PDD/DLB, which was characterized by a hypometabolic caudate nucleus^[@CR39]^. PDD/DLB patients also show further decreased caudate FP-CIT uptake (dopamine transporter availability) compared to the PDND patients^[@CR26]^. Interactions between those two domains, AD-like vs. PDD/DLB-specific (e.g., involving the caudate nucleus) remain to be elucidated.

It is yet unknown why GLM and SSM/PCA designated more PDND and PD-MCI patients as AD (52--100%) while SVM didn't (11--31%). One potential explanation is that the GLM and SSM/PCA-derived AD-related glucose metabolic patterns share some topographical property of "normal" aging-related metabolic pattern^[@CR40],[@CR41]^ potentially due to the parallel processes between aging and AD (and other neurodegenerative disorders such as PD)^[@CR42]^. Thus, it is possible that severer AD patients also showed higher aging-related changes, and their scans would also have contributed more to pattern topography. Of note, age was weakly but significantly correlated with GLM and SSM/PCA-derived pattern expression in normal control. On the other hand, SVM does not take the severity of the disease into consideration but instead focuses on the boundary between the two groups. The individuals who were used as support vectors are the ones who are adjacent to the marginal space. In other words, the hyperplane is formed based on the AD patients whose scans are better normal individual "look-a-likes", as well as the normal individuals whose scans are better AD patient "look-a-likes". Perhaps, the normal aging-related metabolic changes are similarly expressed in these two subpopulations, thus cancelling out when the hyperplane was defined. It must be noted that the SVM-ISDA is only designed for group separation and is therefore not designed to convey any information about disease status. For the purposes of monitoring the disease progression and/or treatment responses, GLM and SSM/PCA may be more suitable choices. Nevertheless, it is of interests that only the SVM's AD designation was associated with APOE genotype in stable MCI, which is in agreement with the APOE ɛ4 status being one of the most significant risk factor for AD^[@CR43]^, e.g., only 31 of 111 normal controls (28%) were ɛ4 carrier in contrast to 46 of 74 AD patients (61%).

When perfusion SPECT (from Dong-A University Hospital) was analyzed with SVM-ISDA, more prodromal AD patients were designated as AD (87%) than when FDG-PET (from ADNI) was analyzed (67%). This is in line with the recent observation that vascular changes precede metabolic changes^[@CR44]^. However, it should be noted that there were also more false positives in perfusion SPECT, i.e., 40% of stable MCI were designated as AD in perfusion SPECT while only 24% were designated as AD in FDG-PET. Without longer follow-up duration and larger sample size, it is difficult to draw the conclusion that one method (perfusion SPECT) was superior to others (FDG-PET). It should be also noted that when SVM-SMO was used for analysis, perfusion SPECT's sensitivity and specificity were similar to that of FDG-PET from the ADNI's MCI patient database.

Materials and Methods {#Sec9}
=====================

Data used in the preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). ADNI was launched in 2003 as a public-private partnership, led by Principal Investigator Michael W. Weiner, MD.

Subjects {#Sec10}
--------

A total of 763 subjects from the ADNI database who had available PET and MRI scans were included in this study (Supplementary Fig. [S1](#MOESM1){ref-type="media"}). ADNI subjects came from one of three groups: AD, normal controls (NL), and MCI. MCI patients were further divided into stable MCI (who did not develop AD during the 3 years of follow-up period) and prodromal AD (who developed AD within 3 years). MCI patients who were not followed for more than 3 years were excluded. Demographic details regarding the ADNI cohort are given in Table [1](#Tab1){ref-type="table"}.

To evaluate the utility of the proposed methods' early diagnostic capacity using different imaging modalities, data from a total of 38 patients with MCI who underwent perfusion SPECT (TC-99m HMPAO) at Dong-A University Hospital in Busan, South Korea, then were subsequently followed for clinical diagnosis (\>3 years) were included (Table [4](#Tab4){ref-type="table"}). Patients were followed periodically over 1--2 years to monitor progression to dementia status. Among these patients, 8 patients were later diagnosed with AD in 19.0 ± 6.6 months after SPECT scan, and 30 patients were dementia-free for \>3 years. Limited data has been published elsewhere^[@CR45]^.

To demonstrate the feasibility of the proposed methods in a real clinical setting, a retrospective chart review study on a total of 113 patients was conducted. Subjects were patients of the Crescentwood Memory Clinic in Winnipeg, Manitoba, who were referred to the PET Centre at Health Science Centre (HSC) in Winnipeg, Manitoba, Canada, for scanning between 2010 and 2012 and subsequently diagnosed by a memory disorder specialist (PS) (Supplementary Fig. [S2](#MOESM1){ref-type="media"}). HSC subjects were comprised of those who received a final diagnosis of MCI (n = 22), AD (n = 37), FTD (n = 4), DLB/PDD (n = 19) or VaD (n = 5) after having received a PET scan. Patients who were not followed for more than 6 months (n = 6) and who received other diagnoses (n = 21) were excluded. HSC cohort subject demographics are outlined in Table [5](#Tab5){ref-type="table"}.

In order to test the performance of the proposed methods in other non-memory-oriented neurodegenerative disorders, data from a total of 97 subjects (18 NL, 17 PDND, 26 PD-MCI, 18 PDD, and 18 DLB) from a movement disorder clinic at Asan Medical Center in Seoul, South Korea were included (Table [6](#Tab6){ref-type="table"}). All patients were scanned with FDG-PET, and their diagnoses were already well characterized at the time of scan. Limited data has been published elsewhere^[@CR26],[@CR39]^.

All clinical and brain imaging data retrieval was completed in compliance with the Personal Health Information Act (PHIA), information regarding which can be found at <http://www.gov.mb.ca/health/phia/>. Ethics approval for this study was granted by the Biomedical Research Ethics Committee at the University of Manitoba, as well as institutional review boards at the Dong-A University Hospital and Asan Medical Center. Informed consent was obtained for all subjects who were enrolled in the study, either from the patient or from an individual designated as having power of attorney over the patient and able to make decisions regarding the patient's health. All methods were performed in accordance with the relevant guidelines and regulations.

Image Acquisition {#Sec11}
-----------------

ADNI FDG-PET images were retrieved from the ADNI Laboratory of Neuroimaging (LONI) database in a format under which images had already been preprocessed through coregistration, averaging, and standardization. The detailed procedure can be found at <http://adni.loni.usc.edu/methods/pet-analysis/pre-processing/>.

DongA University's SPECT images were acquired as described previously^[@CR45]^. Patients were injected with 925 MBq of Tc-99m-HMPAO at resting state. Brain SPECT images were obtained from patients using a dual-head gamma camera (Multi-SPECT II, ICON, Siemens, USA) equipped with fan-beamcollimator.

HSC's FDG-PET images were acquired using Siemens Biograph 16 HiRez PET/CT (Siemens Medical Solutions, Knoxville, TN) scanner. Patients were fasted for at least 6 hours before scanning. Patients were injected i.v. with 185 MBq of FDG and a 15-minute static image was acquired starting 40 minutes post-injection. A head CT scan was acquired for attenuation correction purposes.

Asan Medical Center's FDG-PET images were acquired as described previously^[@CR26],[@CR39]^. All subjects fasted for at least 6 h before scanning. A 5-min transmission scan using a ^68^Ge rotating pin source and a 15-min emission scan were acquired on the ECAT HR + scanner (Siemens Medical Systems, Hoffman Estate, IL, USA) at the Asan Medical Center, 40 min after intravenous injection of 370 MBq of FDG.

Image Preprocessing {#Sec12}
-------------------

All FDG-PET and perfusion SPECT image preprocessing was carried out using the standard procedure implemented in the statistical parametric mapping 12 (SPM) software ([www.fil.ion.ucl.ac.uk/spm/](http://www.fil.ion.ucl.ac.uk/spm/)) without the structural MRI ("old spatial normalization"). Images were normalized by warping to the MNI (Montreal Neurological Institute) standard space using a PET template available in SPM and then subsequently smoothed using an 8 mm Gaussian filter.

GLM-based classifier {#Sec13}
--------------------

Following image pre-processing, all images were proportionally scaled to the mean of all voxels within the whole-brain mask that is generated by relative thresholding at 25% of maximum as previously described^[@CR13]^, which resulted in 189,629 voxels. Linear regression (y = β × x + c; where y is the observed image, β is the slope coefficient, x is the dummy variables for the group, and c is the constant) was performed for each voxel with the dummy variables that classifies the subject groups (AD vs. NL). The β map was saved (Fig. [1A](#Fig1){ref-type="fig"}), which was used to calculate the subject scores by dot-product with the proportionally scaled brain images. Thus, the subject score represents how similar the brain image is in terms of visual appearance to the β map.

SSM/PCA-based classifier {#Sec14}
------------------------

SSM/PCA was performed as described elsewhere^[@CR13]^ using a customized MATLAB script. FDG-PET images of 111 NL and 94 AD subjects were log-transformed and double-centered. Singular value decomposition was performed to identify the top 10 PCs. The subject scores were calculated by dot-product between the scaled subprofile of each FDG-PET and PC. The PC that best discriminated the two groups was selected as the AD-related metabolic pattern for SSM/PCA1. For SSM/PCA2, stepwise regression was performed to select relevant PCs, then those PCs were linearly added with weights that were determined by the regression.

SVM-based classifier {#Sec15}
--------------------

The same proportionally scaled images were used as in GLM. SVM analysis was done using the fitcsvm function with linear kernelling implemented in the MATLAB Statistical Toolbox -- Machine Learning. Assuming a 5% false classification in the training set (i.e., patients with other types of dementia who were misdiagnosed of AD; normal subjects who may develop AD beyond the 3-year follow-up period), the outlier fraction was set at 5%. Other parameters remained at default for both ISDA (no assumption in the initial estimates, alpha; misclassification cost = \[0 1; 1 0\]; tolerance for gradient difference = 0; Feasibility gap tolerance = 0; maximal number of numerical optimization iterations = 1,000,000; kernel offset parameter = 0.1; kernel scale = 1) and SMO (no assumption in the initial estimates, alpha; misclassification cost = \[0 1; 1 0\]; tolerance for gradient difference = 0.001; Feasibility gap tolerance = 0; maximal number of numerical optimization iterations = 1,000,000; kernel offset parameter = 0; kernel scale = 1).

Performance Evaluation and Statistical Analysis {#Sec16}
-----------------------------------------------

The k-fold cross-validation (k = 10) was performed for all five methods (GLM, SSM/PCA1, SSM/PCA2, SVM-ISDA and SVM-SMO). For GLM and SSM/PCA, a receiver-operating curve (ROC) was examined to determine the optimal subject score threshold to produce the highest sensitivity and specificity in group discrimination. For SVM, the sign of the subject score was used to label each brain image as AD or non-AD. The performance characteristics of each classifier in group differentiation were evaluated by examining sensitivity × specificity.

The Student's t-test was used to examine the group differences (AD vs. NL; stable MCI vs. prodromal MCI; across different neurodegenerative disorders) in age, MMSE, follow-up period, CSF markers (aβ, tau and phosphorylated tau), subject scores determined by GLM, SSM/PCA1 and SSM/PCA2. The subject scores (GLM and SSM/PCA) were compared by Student's t-test between APOE ɛ4 carriers vs. non-carriers and male vs. female. These variables are correlated with Pearson's correlation within each group. The differences is sex, APOE genotype and AD-designation (i.e., labels determined by SVM-ISDA and SVM-SMO) between groups are evaluated by chi-square test. All statistical analysis was performed using MATLAB R2014a and IBM SPSS Statistics version 24.
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